A modeling approach has been developed to estimate the contribution of atmospheric emissions to the contamination of leaf vegetables by persistent organic pollutants (POPs). It combines an Eulerian chemical transport model for atmospheric processes (Polair3D/Polyphemus) with a fate and transport model for soil and vegetation (Ourson). These two models were specifically adapted for POPs. Results are presented for benzo(a)pyrene (BaP). As expected no accumulation of BaP in leaf vegetables appears during the growth period for each harvest over the 10 years simulated. For BaP and leaf vegetables, this contamination depends primarily on direct atmospheric deposition without chemical transfer from the soil to the plant. These modeling results are compared to available data.
Introduction
POPs tend to bioaccumulate in the food chain due to their long chemical half life and their lipophilic characteristics (Jones and de Voogt, 1999) . POPs, as defined in the Stockholm Convention, include a large number of compounds, which are generally grouped by categories including the following: polycyclic aromatic hydrocarbons (PAH), polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F), polychlorobiphenyl compounds (PCB), hexachlorobenzene and various pesticides. After their emissions to the atmosphere, these pollutants are deposited to the Earth's surface by dry and wet deposition. They are then absorbed by soil and vegetation, as well as partially dissolved in surface waters. Following deposition, they can be reemitted to the atmosphere due to their long chemical half life (at least several months in soil and water) and their temperaturedependent volatility. This behavior, generally referred to as the grasshopper effect (Wania and Mackay, 1993) , leads to their longrange transport over long timescales and those compounds have been found in remote areas such as the North Pole (AMAP, 1998; Wania and Mackay, 1996) . Therefore, a better understanding of the exposure of the population to those pollutants requires a comprehensive multi-media description of the complex processes that govern their fate and transport in the environment (Strand and Hov, 1996) . Accordingly, it is desirable to simulate the fate and transport of those pollutants across several media including the atmosphere, soil and the food chain. Although 3Dmodeling is now largely used (Wania and Mackay, 1993; Van Jaarsveld et al., 1997; Hansen et al., 2004) , the coupling of atmospheric chemical transport models and multi-media models (including soil and vegetation for example) has been limited so far and has typically involved applications to individual atmospheric point sources using Gaussian atmospheric dispersion models (Constantinou and Seigneur, 1993; EPA, 1998) . We present here a modeling approach that combines a comprehensive atmospheric chemical transport model (Polair3D/Polyphemus) that simulates air pollution at European scale and a multi-media model (Ourson) that simulates the fate and transport of chemicals in soil and vegetation (including fruits and vegetables) applied at a regional scale. This approach has been previously used for heavy metals (Quéguiner et al., 2009 ) and we present here in detail the models developed for POPs.
The fate and transport of different POPs was simulated with this modeling system: benzo(a)pyrene (BaP), 2-4-4-trichlorobiphenyl (PCB28) and g-hexachlorocyclohexane (lindane) (Quéguiner, 2008) . Here, we restrict our presentation to BaP because it is one of the most commonly simulated POPs and monitoring data from the EMEP network are available for model evaluation.
Atmospheric modeling of POPs
POPs can be re-emitted by the Earth's surface and it is, therefore, imperative to (1) simulate the interface between the atmosphere and soil with sufficient detail to correctly represent this important process and (2) simulate the atmospheric transport from a large number of sources and over long distances. An Eulerian modeling approach is, therefore, more appropriate than a Gaussian puff modeling approach because the former can treat a large number of sources and cover a large modeling domain, whereas Gaussian plume modeling becomes cumbersome as the number of sources modeled increases significantly and such models are typically limited to impacts within 50 km of the source. As a matter of fact, Eulerian atmospheric modeling coupled with a soil model is the modeling approach recommended by EMEP, the European organization that is responsible for environmental regulatory modeling .
Furthermore, it is necessary to treat the atmospheric pollutants in the gas-phase and the particulate phase since POPs partition between these two phases and various atmospheric processes (wet scavenging, dry deposition, and chemical oxidation) depend on that phase partitioning. Accordingly, the Polair3D model of the Polyphemus modeling system was selected for this work. This model has already been evaluated satisfactorily for ozone (Mallet et al., 2007) and particulate matter . We added a land/surface water module to take into account the ability of POPs to be re-emitted to the atmosphere after atmospheric deposition to a soil compartment.
Polair3D
Polair3D, which is described in detail by Mallet et al. (2007) , simulates the emissions, transport, dispersion, chemical transformation, wet deposition and dry deposition of gaseous and particulate-bound chemicals in the atmosphere. The modifications made to Polair3D to treat POPs (here BaP) are described below.
Gas/particle partitioning and particle size distribution
Except for primary particles (which are emitted directly as particles in the atmosphere), the partitioning of POPs between the gas and particle phases occurs mostly on existing particles. One must then describe the adsorption process on the particle surface (Junge, 1977) . Assuming that the gas and particulate phases are at equilibrium, the fraction of a chemical that is adsorbed by particles can be expressed as follows:
where a ¼ 0.17 (Pa m) is a constant that depends on the molecular weight of the chemicals considered and q ¼ 1.5 Â 10 À4 (m 2 m À3 air) is the specific surface area of the particle. The selected values correspond to values for background atmospheric conditions (Junge, 1977; Whitby, 1978) . P s (Pa) is the saturation vapor pressure of the chemical considered (Hincley et al., 1990) . The values selected for BaP is provided in Table 1 .
This approach based on adsorption has been preferred to the more physically-sound absorption approach suggested by Falconer and Harner (2000) for its simplicity and the difficulty associated with obtaining well-documented data on aerosol concentrations and the organic fraction of atmospheric particulate matter. In fact, a comparative study conducted by Shatalov et al. (2005) gives similar results for both methods.
Due to a lack of information on the size distribution of existing particles on which BaP is adsorbed and the computational cost associated with a detailed representation of size-distributed gaseparticle interactions, particle-bound POPs were represented with mono-dispersed particles of a representative median diameter of 0.84 mm .
Atmospheric chemical transformations
Due to a lack of knowledge of the chemical reactions associated with BaP, its chemical transformation is represented by a simple first-order decay that differs for the gas-phase and the particulate phase. These decay terms are characterized by decay constants, k air gas and k air aer ðs À1 Þ, for the gas and particulate phases, respectively.
Decay in the gas-phase may result from photolysis, reaction with hydroxyl radicals (OH), nitrate radicals (NO 3 ), ozone (O 3 ) and in urban areas nitric acid (HNO 3 ). The OH reaction seems to dominate (Atkinson et al., 1999) . Therefore, we selected k air gas ¼ k OH [OH] where [OH] is the OH concentration (molecule cm À3 ) and k OH is the kinetic constant (cm 3 molecule À1 s À1 ) given in Table 1 (Brubaker and Hites, 1998) . Its diurnal variation is prescribed on a monthly basis following the 1996 EMEP/MSC-W report. Due to a lack of data, decay due to photo-degradation in the particulate phase was modeled using a constant empirical value proposed by Chen et al. (2001) for BaP (Table 1) .
Wet scavenging
Wet scavenging by precipitation is described in detail by Roustan (2005) . It is modeled using scavenging coefficients that differ for the gaseous and particle-bound chemicals. For the particle phase, the scavenging coefficient l a (s À1 ) depends on cloud life time s c (s) and raining time s r (s) characterizing rain intensity following (Roselle and Binkowski, 1999) : l a ¼ (exp(Às c / s r )À1)/s c .
For the gas-phase, the scavenging coefficient l g (s À1 ) depends on the air water partition coefficient, K aw , which depends on the standard Henry's law constant H as follows: K aw ¼ H/RT, (the Henry's law constant H is provided in Table 1 , Hulscher et al. (1992) ) and cloud liquid water content q c (kg water kg À1 air): l g ¼ l c (q c K aw /
(1 þ q c K aw )). Thus the overall scavenging coefficient for both gas and particles is: l ¼ 4l a þ (1 À 4)l g . Table 1 Physico-chemical parameters used in POP modeling for BaP. a p is the enthalpy of vaporization divided by R (ideal gas law constant), a H is the enthalpy of solution divided by R and a K the enthalpy of phase change divided by R.
Parameter BaP Saturation vapor pressure: Ps ¼ P 0 s expðÀapð 1 T À 1 283:15 ÞÞ; P 0 s ðPaÞ; ap ðKÞ 9.34 Â 10 À7 , 11 488
Decay constants: K OH (cm 3 molecule À1 s À1 ) k air aer ðs À1 Þ; k s dg ðs À1 Þ; k sea dg ðs À1 Þ 5 Â 10 À11 1.4 Â 10 À5 , 1.13 Â 10 À8 , 1.13 Â 10 À7
Henry's law constants: 
Interactions with the Earth's surface
For POPs, the Earth's surface acts both as a sink for gases and particles and as a source for gases, since POPs can be re-emitted in gaseous form (e.g., due to an increase in temperature that would increase their volatility). The net result of those atmosphere/ surface exchange processes is expressed in the atmospheric model as a diffusion flux term for the model surface layer.
Modeling of the Earth's surface
Modeling of the Earth's surface for POPs is essential because of the need to simulate the re-emission of some of those compounds. The modeling of this top soil layer in the model is described below. The model formulation differs depending on the type of surface and we present such formulations for various land types (bare, forested, grazing and cultivated) as well as surface water.
Modeling of bare land
Bare land is land without any type of vegetation. It consists of a mixture of inorganic and organic matter, water and air. A top soil layer with a standard thickness z s of 0.15 m (Jury et al., 1983 ) is used to represent the layer that interacts with the atmosphere, as used in the DEHM-POP model (Hansen et al., 2004) . The equation that governs the temporal evolution of the concentration of a chemical in that top soil layer C s (ng m À2 ) is expressed as follows:
where F s daer is the dry deposition flux of the particle-bound chemical, F s dgaz is the dry deposition flux of the gaseous chemical, F w is the wet deposition flux due to precipitation (ng m À2 s À1 ), k s em ; k s vt ; and k s dg are the kinetic constants (s À1 ) corresponding to losses by re-emission to the atmosphere, downward vertical transport by percolation and chemical or biological decay, respectively. The value of k s dg provided in Table 1 is from Mackay et al. (1992) .
The dry deposition flux for the particle-bound chemicals is calculated with a dry deposition velocity V s daer (m s À1 ) as follows:
where C (ng m À3 ) is the chemical concentration in the atmospheric surface layer and 4 is the particle-bound fraction calculated by
is the aerodynamic resistance calculated according to Monin-Obukhov theory and R s (s m À1 ) is the surface resistance for bare soil obtained according to Tsyro and Erdman (2000) :
R À1 s ¼ 0:0004u 2 * þ 0:0002 for BaP where u * is the friction velocity (m s À1 ) which depends on the roughness length for the bare soil.
The dry deposition flux for gaseous chemicals is expressed as follows:
V s dgaz (m s À1 ) is the dry deposition velocity for bare soil, which is expressed as follows:
where D air gaz and D w gaz are the molecular diffusion coefficients in air and water, respectively (see Table 1 ), and q air and q w are the air and water contents by volume of the soil, which are selected to be 0.2 and 0.3, respectively (Jury et al., 1983) .
The wet deposition flux is expressed as a function of the scavenging coefficient l (s À1 ) and chemical concentration in air C as follows (Dz is the depth of the atmospheric layer below cloud base in m).
The re-emission by volatilization depends on the exchange velocity V s dgaz . The re-emission rate constant is expressed as follows:
where K as is the air/soil partitioning coefficient obtained from Strand and Hov (1996) .
02 is the organic carbon fraction, which is assumed to be constant for bare soil (Mackay and Paterson, 1991) ,
) is the organic carbon/water partitioning coefficient, which is related to the octanol/water partitioning coefficient K ow (Table 1, Mackay et al., 1992 ) via a linear regression equation (Seth et al., 1999) . The rate constant governing the chemical loss due to vertical water transport is calculated as follows (Hansen et al., 2004) :
where P o is the precipitation rate at the surface in mm s À1 .
Modeling of the vegetation layer
The interactions between vegetation and atmosphere occur directly at the foliar surface and indirectly from the soil contamination by the atmosphere via the root system. The atmosphere/ vegetation exchange depends on the vegetation cover: grass, cultivated land, deciduous and evergreen forests. The temporal evolution of the chemical concentration in the vegetation cover with a height z veg (m) is expressed as follows:
where F veg daer is the dry deposition flux for particle-bound chemicals, F veg dgaz is the dry deposition flux for gaseous chemicals (ng m À2 s À1 ), f veg is the fraction of precipitation intercepted by vegetation, k veg dg is the decay rate constant in vegetation, k veg defol is the defoliation rate constant and k veg crop is the loss rate constant due to harvest (s À1 ). The dry deposition flux for particles is expressed as that for bare soil (see Equation (3)) except that a dry deposition velocity specific to a vegetation cover is used. It depends on the vegetation cover type; for grass and cultivated land, the formulation of Wesely et al. (1985) is used:
where L is the Monin-Obukhov length (m), atmospheric thermal stability parameter.
For evergreen forests, the formulation of Ruijgrok et al. (1997) is used:
is the collection coefficient for particles in the forest canopy, which depends on particle size and u h (m s À1 ) is the wind speed at canopy height. For deciduous forests, the formulation for evergreen forests is used from May to September and that for bare soil is used from October to April (with an appropriate roughness length).
The dry deposition flux for gaseous chemicals is expressed as that for bare land (see Equation (4)) except that the exchange velocity is a function of three resistances to take into account the foliar exchange:
is the resistance of the quasi-laminar surface layer with k ¼ 0.4 (von Karman constant), Pr ¼ 0.74 (Prandtl number), and Sc ¼ v air =D air gaz where n air is given in Table 1 , and R c (m À1 s) is the foliar resistance, which depends on the vegetation cover.
For grass and cultivated land, the formulation of McLachlan et al. (1995) is used; it relates the foliar resistance, approximated by the cuticular resistance, to the octanol/air partition coefficient, K oa , as follows:
LogðR c Þ ¼ 5:29LogðV m Þ À 1:43 À LogðK oa Þ where V m (m 3 ) is the molar volume estimated from the POP molecular weight; it is given in Table 1 .
For both types of forests, a similar approach leads to the following relationships (Horstmann and McLachlan, 1998) These empirical formulations have been preferred to a more physical approach using explicit stomatal resistance (Riederer, 1990 ) that has given similar results in our simulations (Quéguiner, 2008) .
The precipitation scavenging flux is weighted by the interception fraction of precipitation by the canopy, f veg . This fraction depends on the density and thickness of the canopy and, therefore, the vegetation type. The values of Wegmann et al. (2004) were used (see Table 2 ).
The re-emission rate constant due to volatilization is expressed as follows:
where K va is the vegetation/air partition coefficient, which can be expressed as a function of the octanol/air coefficient (Horstmann and McLachlan, 1998; Thomas et al., 1998) where m and n are constants that are plant specific (see Table 3 ). There are many loss processes for chemicals in vegetation besides re-emission to the atmosphere, including chemical decay within the vegetation and losses due to defoliation and harvest. Decay processes for POPs have been identified but are poorly known. Thus a decay rate constant, k veg dg (s À1 ), is used and the corresponding half life is 709 days (Mackay et al., 1992) for grass and cultivated land; for forests, it is defined as twice those for bare soil following Gusev et al. (2005) .
By assuming, as is usual in atmospheric POPs modeling, that the vegetation biomass volume remains constant with time during the growth period and that the vegetation is either harvested or falls to the ground (defoliation), the loss coefficients, k veg crop and k veg defol ðs À1 Þ are expressed as follows:
where E is the harvest efficiency (0.59 for grass and cultivated land according to Severinsen and Jager (1998) ; 0 for forests) and T (s) is the foliar residence time, which depends on the vegetation type (see Table 4 ).
Modeling of surface water
The transport of POPs by oceans is an important process that redistributes those chemicals at the global scale and would require the simulation of 3-D ocean dynamics. Nevertheless, at the regional scale, we take into account this reservoir as static to simulate the exchange between the atmosphere and the ocean surface near the border of the modeling domain. Thus, without oceanic transport, the equation governing the POP concentrations in the ocean surface layer with a thickness z sea ¼ 75 m, can be written as follows:
The fluxes F sea daer ; F sea dgaz and F w (ng m À2 s À1 ) are similar to those for bare land (Equation (2)), except that the surface resistance for particle deposition depends on the surface state through the friction velocity u * : V sea dgaz ¼ R À1 sea ¼ ð0:15u 2 * þ 0:013Þ in m s À1 for BaP. The dry deposition flux for gaseous chemicals is also expressed in terms of a resistance that includes an exchange velocity for sea water, V sea dgaz (m s À1 ), which depends on the air and water resistances according to Schwarzenbach et al. (1993) : ðV sea dgaz Þ À1 ¼ k À1 l þ ðk g K wa Þ À1 where k l ¼ ð4$10 À4 þ 4$10 À5 u 2 ÞðD w gaz =D w g ðO 2 ÞÞ 0:57 $10 À2 and k g ¼ ð0:3 þ 0:2uÞ ðD air gaz =D air g ðH 2 OÞÞ 0:61 $10 À2 where u (m s À1 ) is the wind speed, D w gaz and D air gaz are the diffusion coefficients (cm 2 s À1 ) of the chemicals in water and air, D w g ðO 2 Þ that of oxygen in water, D air g ðH 2 OÞ that of water in air. For re-emission from the sea to the atmosphere, the rate constant in s À1 is expressed as follows:
Loss of chemicals at the surface of the ocean occurs via vertical and horizontal transport, hydrolysis and photolysis. These complex phenomena require a 3-D modeling approach for the ocean. Here, a simpler approach based on a loss rate constant, k sea dg ðs À1 Þ, which lumps all these phenomena is used (Mackay et al., 1992, Table 1 ). Note that we do not differentiate between sea and freshwater surfaces and that urban land is treated similarly to bare land. Given that the spatial resolution is 1.125 for this European modeling study, such approximations should have negligible effects due to the small extent of this type area in a mesh.
The model described here is, therefore, a compromise between parameterizations already available in the air quality model Polair3D/Polyphemus and those available in the literature for POPs (particularly those of the DEHM-POP and EMEP/MSCE models).
Atmospheric simulations
The atmospheric simulations have been performed over four years, 2001e2004. The meteorological inputs were obtained over the European domain from the European Centre for Mediumrange Weather Forecasting (ECMWF) for the year 2001. The BaP emission inventory (shown in Fig. 1) was obtained from the EMEP inventories with the same vertical distribution (only 10% of BaP are emitted from elevated sources), sources, gaseparticle partition and temporal distribution. The temporal variation of emissions follows that of industrial combustion source activities for BaP (larger emissions occur in winter due to increased residential heating).
Boundary conditions are obtained from simulations conducted earlier with the EMEP/MSCE-POP model. For the first simulated year, 2001, initial concentrations in the land compartment are taken as zero. A sensitivity test with this initial condition has shown a negligible effect, during the four years simulated, on the air concentration that will be used for cultivated soil modeling. The land use and land cover data were obtained from the RDM model with 14 land use categories, which were grouped into the six categories used here: bare land, grass, cultivated land, deciduous forests, evergreen forests and water. The corresponding land characteristics (roughness length and canopy height) are presented in Table 5 .
In order to obtain the European contribution to regional impact on cultivated vegetables studied later, the atmospheric model was applied over Europe with a spatial resolution of 1.125 .
The atmospheric simulation results were compared with the few available measurements available from the EMEP monitoring network for 2001 (Quéguiner, 2008) . Here, only a comparison with the results of an earlier simulation conducted with the EMEP/MSCE model is presented because this EMEP/MSCE had been successfully evaluated against EMEP measurements over a multi-year period and, therefore, can be considered to be a valuable reference .
Those comparisons are presented for BaP in Fig. 2 for the atmospheric concentrations and performance statistics are presented in Table 6 . The concentration fields are similar, which results in spatial correlation coefficients of high values for BaP (Table 6) . Polair3D tends to slightly overestimate the BaP concentrations over western Europe.
Modeling of POPs in harvested leaf vegetables

Modeling of cultivated land
Our approach follows that used by Quéguiner et al. (2009) and was adapted here for POPs, using the work of Legind and Trapp (2009) .   Fig. 1 . Spatial distribution of BaP emissions in g km À2 year À1.
Table 5
Roughness length z 0 and vegetal cover height d 0 for different land types. Winter is taken to be from November to February, spring from March to April, summer from May to August and fall from September to October. The snow season corresponds to a snow cover of 1 cm. These values are from Brook et al. (1999) . The equation that governs the chemical concentrations in cultivated soil is similar to that for bare soil and is expressed as follows (C sc is expressed here in ng kg À1 or pptw):
where z sc is the depth of the cultivated soil layer (m), which is taken to be equal to the root depth and r sc (kg m À3 ) is the soil density. The atmospheric loading is reduced compared to that to bare soil by the fraction that is retained by the vegetation cover. Thus, the atmospheric fluxesF sc daer ; F sc daer and F sc daer (ng m À2 s À1 ) and the loss rate coefficients k sc em and k sc dg ðs À1 Þ are identical to those of Equation (2). The percolation term that represents vertical transport by interstitial water was modified to better describe the mass transfer between the soil and the vegetation following (Ciffroy et al., 2006) . This term can be written as follows: k sc vt ¼ v p =ðz sc ðq l þ r sc f oc K oc ÞÞ where v p is the water percolation velocity in m s À1 and q l the soil humidity (fraction of water volume to air volume).
Similarly, the chemical fraction in the leaf vegetable C leaf (expressed in ng kg dry weight À1 ) for a period extending from sowing to harvest can be written as follows:
where the fluxes F leaf daer ; F leaf dgaz ; F w (ng m À2 s À1 ) and the coefficients k leaf em and k leaf dg ðs À1 Þ are identical to those for the vegetation cover used in Polair3D (equation (8)). In equation (13), the last term represents the chemical transfer from the soil to the root system up to the leaf via a translocation process due to respiration. It depends on the cultural coefficient K c ¼ 0.9 (Soltner, 1994 ) that weights the potential evapotranspiration Etp (m s À1 ) with the land coverage, the above-ground biomass of the vegetable (B) in dry weight kg m À2 , the partition coefficient between the solid and dissolved POP phases (K p in m 3 kg À1 ) and a translocation factor (T scf ). This last factor is related to the octanol/water partition coefficient of the chemical based on the relationship of Briggs et al. (1982) given for a specific grass type: T scf ¼ 0.784exp À ((log K ow À 1.78) 2 /2.44).
One must note that in many modeling studies the chemical concentration in soil is assumed to be constant; thus, our approach with a time-dependent chemical concentration calculated from the atmospheric deposition and soil fate and transport of chemicals differs from previous work. This model was applied to study the contamination of leaf vegetables in a region of Southeastern France, the Bouches-du-Rhône department (subdivision of France administrated by a prefect) in the Provence-Alpes-Côte d'Azur (PACA) Region. Simulation results are provided below.
Atmospheric loading
As we want to have a general approach applicable to different pollutants and compartments for food contamination, it will be useful to conduct long-term multi-media simulations and this approach implies that the atmospheric simulations must be off line.
To that end, the following approach was used. The atmospheric simulations were conducted with Polair3D/ Polyphemus using available emission inventories for four consecutive years (2001e2004) in order to include some inter-annual variability in the meteorology. Next, simulations were conducted for 10 years for the cultivated land over the French Bouches-du-Rhône department; this area is characterized by important industrial activities as well as a dense agricultural zone that covers about 40% of the area.
Modeled atmospheric loading to leaf vegetables for the four simulated meteorological years is shown in Fig. 3 for BaP. These loading amounts are related to the particulate-phase dry deposition fluxes, the net exchange fluxes of the gaseous chemical fraction, which result from the difference between dry deposition and reemission, and the wet deposition fluxes associated with precipitation. Overall, over the four modeled years, wet deposition is significantly less than total dry deposition (i.e., both particulate and gas-phase dry deposition). Particulate-phase dry deposition is slightly greater than gas-phase dry deposition because atmospheric BaP is predominantly in the particulate phase over the PACA region in our model. The seasonal variability of the emissions of BaP appears in the deposition fluxes. A sensitivity test that was conducted with our model to estimate the relative fractions of local (i.e., from the sources within the department) and European emissions contaminating vegetables within the department showed that local emissions dominated for BaP (by a factor of 10, Quéguiner et al., 2009) emissions compared to gas-phase emissions, with the former depositing faster than the latter.
Pollution of soil and vegetation in the Bouches-du-Rhône department
The model simulations were conducted over a 10-year period using the atmospheric deposition output from the atmospheric model as monthly input to the soil model, with a sequence of random meteorological years selected among 2001 through 2004.
The surface concentrations in BaP in the cultivated soil for the grid cell of the city of Martigues are presented in Fig. 4 for 10 years. The contamination of cultivated soil results from a steady state between atmospheric inputs and losses from the soil layer, which include re-emission to the atmosphere, percolation and chemical decay.
Before steady state is achieved, the concentrations evolve as a result of the different timescales of those different processes. For BaP, the soil concentration increases during the first years to reach steady state after three years. Note that this duration could be greater for other POPs (e.g., 13 years for PCB28). Without reliable information concerning soil concentration for model initialization, these results illustrate the need to conduct those simulations over long periods.
Contamination of leaf vegetables takes into account direct deposition from the atmosphere to the leaf and uptake from the soil via a respiratory flux that transfers chemicals through the roots toward the internal parts of the plant. Losses occur via decay within the plant, dilution during the growth phase and re-emission via volatilization. The BaP concentration in edible parts of leaf vegetable over 10 simulation years is presented in Fig. 5 .
In Fig. 5 , there is no increasing trend over the long term. For BaP and leaf vegetables, the transfer from the soil via the root system is highly negligible, transfer from soil to plant: w10 À9 ng (kg day) À1 , deposition from air to plant: w10 ng (kg day) À1 . This is due to the very low value for T scf that gives no impact on leaf contamination even if the soil concentration is multiplied by a factor 1000. A test simulation with T scf ¼ 0 gives no change in the results. The BaP concentration in edible parts of leaf vegetable depends primarily on direct air deposition, which varies with meteorological conditions. At each harvest, the concentration varies from 40 to 62 ng kg dry weight À1 depending on meteorological year. These results are consistent with those obtained by others: Jones (1991, 1992) for PAH and Nakajima et al. (1995) for BaP show that chemical concentrations in the leaf are strongly correlated to the total concentrations of atmospheric particulate matter. Other results obtained for spruce needles are similar (Umlauf and McLachlan, 1994) . Beside this qualitative comparison, there are few data available for this area to quantitatively evaluate the results presented here. Nevertheless, the average BaP concentrations in vegetable, which are 0.05 mg kg À1 , are commensurate with those measured in 2000 in the United Kingdom in green vegetables, potatoes, fruits and other plants where the measured concentrations did not exceed 0.04 mg kg À1 (Food Standards Agency, 2002). A better model evaluation could be conducted if measurements were available for leaf vegetables from the PACA Region.
Conclusion and perspectives
A modeling approach was presented to quantify the atmospheric contribution to contamination of cultivated soil and vegetation. This modeling approach was developed for persistent organic pollutants and some results were presented for BaP. For BaP and leaf vegetables this contamination depends primarily on direct atmospheric deposition without chemical transfer from the soil to the plant. Different results could be obtained for fruits or other chemicals such as heavy metals, as the contribution due to root uptake can then be important (Quéguiner et al., 2009) .
In general, the advantage of this modeling approach is that the major transfer processes across and within the various media are taken into account, so that emission scenarios and source apportionment studies can be performed.
Clearly, this work is a first step and the results need to be confirmed with other applications. Regarding the atmospheric aspect, it would be useful to have a more complete database to evaluate the model. The POPCYCLING-Baltic project may provide useful data over the Baltic Sea in that respect.
Regarding the contamination of vegetation, besides obtaining data for model evaluation, it would be useful to account for the uncertainties associated with the various modeling steps using probability distribution functions (pdf). This work used the same modeling framework as that used for lead and cadmium by Quéguiner et al. (2009) . Thus, identifying the pdf of the various transfer constants could lead to a probabilistic analysis of the POP concentrations in leaf vegetables. Furthermore, ensemble modeling could be conducted for atmospheric deposition of POPs in a manner similar to the modeling done for example for atmospheric ozone concentrations (Mallet et al., 2009) . This work only addressed the atmospheric contribution and further work could also take into account other inputs to cultivated soils such as fertilizer inputs, land disposal and irrigation. Nevertheless, this work is a stepping stone for future studies on the quantitative assessment of produce contamination and the associated human health risks. European projects such as HEIMTSA and 2FUN aim to treat pollution in an integrated modeling framework from emission sources to human exposure and health risk. This work provides a practical example of such a modeling approach.
